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Oxoborane Formation Turns on Formazanate-Based 
Photoluminescence 
Ryan R. Maar, Nicholas A. Hoffman, Viktor N. Staroverov, and Joe B. Gilroy* 
 
Abstract: The synthesis of compounds containing multiple bonds to 
boron has challenged main-group chemists for decades. Despite 
significant progress, the possibility that the formation of such bonds 
can turn on photoluminescence has received minimal attention. We 
report an oxoborane (B=O) complex that is electronically stabilized 
by a formazanate ligand in the absence of significant steric bulk and, 
unlike the common BX2 (X = F, Cl) formazanate adducts, exhibits 
intense photoluminescence. The latter property was rationalized 
through density-functional calculations which indicated that the B=O 
bond enhances photoluminescence by drastically reducing 
differences between the ligand's geometries in the ground and 
excited states. The title oxoborane compound was synthesized from 
an air- and moisture-stable BCl2 formazanate complex and 
subsequently converted to a redox-active boroxine. Each of these 
species may also serve as a precursor to functional materials. 
The discovery of main-group compounds with unusual structure 
and bonding is a major focus of interest in synthetic 
chemistry.[1],[2] In this context, the preparation of stable 
compounds containing multiple bonds to boron presents a 
particular challenge due to the electron-deficient character and 
compactness of the valence orbitals of the B atom. To address 
these challenges, early efforts by the Berndt, Power, and Nöth 
groups utilized strong reducing agents to access anionic diboron 
species with boron-boron multiple bond character.[3] More recent 
strategies of stabilizing double and triple bonds to boron have 
relied upon Lewis bases and/or sterically bulky substituents, as 
exemplified by compounds 1‒7.[4]  
The first example of a neutral diborene, compound 1, was 
reported by the Robinson group.[4a] This molecule is stabilized by 
two sterically bulky and strongly -donating N-heterocyclic 
carbene ligands. Notable features of 1 include the short B=B 
bond of 1.560(18) Å and its trans-bent molecular structure. More 
recently, Braunschweig and co-workers[4d] isolated diboryne 2, 
the first example of a boron-boron triple bond. This molecule has 
an effectively linear geometry of the core atoms (C→B≡B←C) 
and a short B≡B bond length of 1.449(3) Å. Compounds with 
boron-chalcogen multiple bonds[5],[6] have been isolated through 
the combination of strongly donating and sterically bulky ligands, 
as in compound 3, which was prepared via insertion of 
elemental Te into a B=Mn bond.[4f] The Cui group[4c] reported the 
anionic -diketiminate oxoborane complex 4, stabilized through 
a hydrogen-bonding interaction, whereas the Aldridge group has 
recently reported an acid-free, anionic oxoborane 5.[7]  
 
Thioxoborane 6 is the first cationic, electron-precise species 
containing a B=S bond.[4e] The Braunschweig group has also 
prepared compound 7,[4b] which contains the first example of a 
boron-oxygen triple bond.  
Apart from their intrinsic appeal from a fundamental 
perspective,[8],[9] species with multiple bond character at boron  
show promise as reagents that allow one to carry out difficult 
chemical transformations, e.g., the functionalization of 
dinitrogen.[10] Although compounds containing three-[11] and four-
[12] coordinate boron centres have been utilized in optoelectronic 
materials design, molecules featuring multiple bonds involving 
boron have only recently emerged as viable candidates. So far, 
compounds with boron-boron multiple bonds have been shown 
to exhibit appreciable photoluminescence upon coordination to 
coinage metals,[13] with the photophysics of the process 
implicating metal-borene or metal-boryne hybrid orbitals. 
Electron-rich diborenes have also been paired with π-accepting 
diarylboryls to produce molecules with near-infrared 
photoluminescence.[14] While heterocycles containing BC[15] or 
BN[16] bonds with some  character are common, there appear 
to be no reports of photoluminescence induced by the formation 
of terminal double or triple bonds to boron. In this work, we 
demonstrate that the formation of the oxoborane (B=O) group 
transforms normally non-emissive boron triarylformazanate 
complexes into photoluminescent compounds. More generally, 
we suggest that combining boron multiple bonds and pro-
photoluminescent ligands may be an effective general approach 
for the production of photoluminescent materials.  
Boron formazanate adducts 9‒11 were prepared according 
to Scheme 1 (Figures S1‒11). BF2 formazanate 8
[17] underwent 
halide exchange with BCl3 to afford BCl2 formazanate 9 as an 
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air- and moisture-stable, dark-purple solid in 78% yield after an 
aqueous workup. As a result of this transformation, the 1:2:1 
triplet observed at ‒0.5 ppm in the 11B NMR spectrum of 
complex 8 was replaced by a singlet at 2.4 ppm in the spectrum 
of 9, confirming the presence of a four-coordinate boron centre. 
Complex 9 was surprisingly stable toward H2O, but readily 
reacted with CH3OH to give the B(OCH3)2 formazanate adduct 
(Figures S12‒14) in 74% yield after column chromatography, 
probably because CH3OH is slightly more nucleophilic than 
H2O.
[18] 
The stability of BCl2 formazanate 9 allowed us to produce 
oxoborane formazanate complex 10 in a single synthetic step by 
mixing 9 with 1 equiv. of AlCl3 and H2O in CH2Cl2 solution. After 
stirring for 16 h, the solvent was removed and the residue was 
triturated with n-hexanes to afford a dark-purple microcrystalline 
solid in 94% crude yield (95% pure by 1H NMR spectroscopy). 
Recrystallization from CH2Cl2 and hexanes produced compound 
10 as dark-purple crystals in 15% yield. Complex 10 gave rise to 
a broad singlet in its 11B NMR spectrum centred at 18.3 ppm that 
is consistent with other oxoboranes,[4c, 6c, 7, 19] as well as a singlet 
in the 27Al NMR spectrum ( = 89.1) corresponding to an 
oxygen-bound AlCl3 fragment. The highly delocalized, nitrogen-
rich backbone of formazanate ligands has been shown 
previously to stabilize radical anions based on B, Zn, and group-
14 atoms.[20] Similar electronic effects are likely responsible for 
the stability of compound 9 toward H2O and for our ability to 
isolate oxoborane 10 in the absence of appreciable steric bulk.     
Treatment of 10 with H2O resulted in the formation of 
boroxine 11, which is supported by three formazanate ligands, in 
75% yield. The relatively simple 1H and 13C NMR spectra of 
boroxine 11 are indicative of C3v symmetry and the 
11B NMR 
spectrum features a broad signal at ‒0.1 ppm. 
Single crystals of compounds 9‒11 were analyzed by X-ray 
diffraction, yielding their solid-state structures (Figure 1 and 
Tables S1‒S3). The CN and NN bond lengths in complexes 9‒
11 ranged from 1.3379(19) to 1.351(3) Å and 1.3032(16) to 
1.324(2) Å, respectively. These values are intermediate between 
the typical lengths of the respective single and double bond, 
which suggests that the π electrons of the formazanate 
backbone are delocalized.[21] Compounds 9 and 11 feature four-
coordinate, sp3-hybridized boron atoms that adopt distorted 
tetrahedral geometries and are displaced from the plane defined 
by the nitrogen atoms of the formazanate backbone(s) by an 
average distance of 0.434(2) Å (9) and 0.721(3) Å (11). In 
contrast, the boron atom in complex 10 deviates marginally from 
the ligand plane [0.065(2) Å] and is sp2-hybridized, as evidenced 
by the sum of the bond angles about the boron atom 
[359.99(12)°]. Furthermore, the short boron oxygen bond 
[1.3059(19) Å] in compound 10 is indicative of a                       
BO double bond[4c, 6a, 6c, 7, 19] and is significantly shorter than the 
average length of the single BO bonds in compound 11 
[1.412(3) Å].  
The electrochemical properties of BF2 formazanates such as 
8 have been studied previously, revealing two sequential, 
generally reversible, one-electron reductions to their radical 
anion and dianion forms.[17] Replacement of the fluorides with 
chlorides in complex 9 resulted in irreversible electrochemical 
reduction (Figure S15). In the case of boroxine 11, the close 
proximity of the formazanate ligands gave rise to three distinct 
and reversible one-electron reduction waves (Ered1 = ‒1.49 V; 
Ered2 =  ‒1.74 V; Ered3 = ‒1.95 V relative to the Fc/Fc
+ redox 
couple) corresponding to the stepwise formation of ligand-based 
radical anions en route to a triradical trianion (Figures 2a and 
S16). This behaviour is attributed to coulombic interactions that 
resemble those observed during the electrochemical oxidation of 
cyclic ferrocenyl dimethylsilane trimers.[22]  
The electronic properties of compounds 9‒11 were further 
investigated by analyzing their CH2Cl2 solutions using UV-vis 
absorption and photoluminescence spectroscopy (Figures 2b 
and S17 and Table 1). Complexes 9 and 11 are strongly 
Figure 1. Solid-state structures of compounds 9‒11. Anisotropic displacement 
ellipsoids are shown at the 50% probability level. Hydrogen atoms are omitted 
and the aryl-substituents in 11 are shown as wireframe for clarity. 
 
 
Scheme 1. Synthesis of boron formazanate adducts 9‒11. 
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Figure 2. a) Cyclic voltammogram of a 1 mM CH2Cl2 solution of boroxine 11 
containing 0.1 M [nBu4N][PF6] as supporting electrolyte recorded at a scan 
rate of 100 mV s‒
1
. The arrow denotes the scan direction. b) Selected UV-vis 
absorption (solid lines) and photoluminescence (dashed line) spectra of 10‒
6
 M 
dry and degassed CH2Cl2 solutions of formazanate adducts 8‒11. For 
additional absorption and photoluminescence spectra see Figure S17. 
absorbing (ε = 14900‒43800 M‒1 cm‒1) in the visible region of 
the electromagnetic spectrum and had broad absorption bands 
with maxima at 524 nm (9) and 468 nm (11), consistent with 
other four-coordinate boron adducts of formazanates, including 
compound 8 (520 nm, ε = 36600 M‒1 cm‒1).[17, 25] In contrast, the 
absorption spectrum of oxoborane formazanate 10 contained 
two low-energy bands at 569 nm (ε = 36800 M‒1 cm‒1) and     
586 nm (ε = 36700 M‒1 cm‒1) indicative of vibronic fine structure. 
The dominant orbital pair associated with the lowest energy 
absorption bands (*) of 9 and 10 are the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO), as determined by time-dependent density-
functional theory (TDDFT) calculations of electronic excitation 
energies (see below and Table 1). Based on related studies, we 
assume the same to be true for compounds 8 and 11.[25] 
We and others have previously examined the origin of the 
weak photoluminescence of BF2 triarylformazanates
[26],[27] 
compared to similar complexes of 3-nitro and 3-
cyanoformazanates.[25, 28] These studies have shown that non-
radiative relaxation pathways involving rotations and/or 
vibrations of the carbon-bound aryl substituent[26] and/or 
structural rearrangement upon photoexcitation[27] lead to 
Figure 3. a) Frontier molecular orbitals and b) optimized geometries of boron 
triarylformazanates 8‒10 calculated at the (TD)PBE1PBE/DGDZVP2 level of 
theory (CH2Cl2 solution). Hydrogen atoms in panel b) area omitted for clarity. 
photoluminescence bands with low photoluminescence quantum 
yields (ΦPL) and Stokes shifts ranging from 3070 to 3890 cm
–1. 
Consistent with those findings, complexes 8 (λPL = 640 nm), 9 
(λPL = 698 nm), and 11 (no signal detected) were found to be 
essentially non-emissive in solution with ΦPL values of less than 
1% (Figure S17b). Unexpectedly, evaluation of the 
photoluminescence properties of oxoborane 10 (λPL = 636 nm) 
revealed a much smaller Stokes shift of 1342 cm‒1 and a      
>36-fold enhancement in photoluminescence intensity (ΦPL of 
36%). For comparison, the borylene and borynes mentioned 
earlier photoluminesce at wavelengths between 657 and 863 nm 
in toluene and their spectra were too weak to allow for quantum 
yields to be determined accurately.[13-14] Only when these 
species were paired with coinage metals such as Cu and Ag 
was appreciable photoluminescence observed (λPL 519–674 nm; 
ΦPL 1–77%).
[13]  
To understand the striking differences between oxoborane 
10 and the chemically similar complexes 8 and 9, we calculated 
and compared frontier molecular orbitals, ground- and excited-
state molecular geometries, as well as the electronic excitation 
and PL spectra of the three compounds (using TDDFT for 
excited states). The calculations were carried out with the 
Gaussian program[29] using the PBE1PBE functional,[30] the 
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Table 1. Experimental and calculated spectroscopic properties of complexes 8‒11 recorded in CH2Cl2 solution. The absorption and photoluminescence band 
maxima were calculated by linear-response TDDFT using the PBE1PBE/DGDZVP2 method and the polarizable continuum model of implicit solvation. 
           Experiment                    Theory 
Compounds λmax (nm) ε (M
‒1 cm‒
1
) λPL (nm) ΦPL (%)
[a]
 νST (cm
‒1
)  λmax (nm) λPL (nm) νST (cm
‒1
) 
       8 520 36600 640 < 1 3610  498 652 4743 
       9 524 14900 698 < 1 4757  512 716 5565 
     10
[b]
 586 
569 
36700 
36800 
636  36 1342  560 643 2305 
     11 468 43800 ‒    0 ‒  ‒ ‒ ‒ 
[a]
Determined according to a published protocol
[23]
 using [Ru(bpy3)][PF6]2 as a relative standard.
[24]  [b]
The experimental lowest-energy band has two maxima. 
DGDZVP2 basis set, and the polarized continuum model of 
implicit solvation by CH2Cl2.  
The HOMOs and LUMOs of boron triarylformazanates 8–10 
(Figure 3a) show little variation and therefore cannot account for 
the dramatic difference between the photoluminescence 
properties of these compounds. The probable reason was 
revealed by examination of the optimized molecular geometries 
of 8–10 in their ground (S0) and excited (S1) electronic states. As 
shown in Figure 3b, electronic excitation of solvated molecules 
of 8 and 9 induces a drastic geometric change from strongly 
bent to almost perfectly planar structures. Such changes, 
characteristic of BF2 formazanate complexes,
[27b, 31] are 
responsible for the relatively large Stokes shifts of 8 and 9 and 
for their weak photoluminescence. By contrast, oxoborane 10 
undergoes little distortion upon electronic excitation. We 
presume the absence of significant geometry relaxation in 10 to 
be the key factor through which the B=O bond attenuates non-
radiative decay pathways, reduces the Stokes shift, and turns on 
photoluminescence. 
In conclusion, we have shown that the oxoborane 
formazanate complex 10 can be readily synthesized from 
complex 8 through air- and moisture-stable BCl2 formazanate 
complex 9. The product 10 is readily isolable and is stabilized 
not by steric bulk but by the electronic structure of the 
formazanate framework. Reaction of complex 10 with H2O 
affords a boroxine 11, which is supported by three redox-active 
formazanate ligands and can be converted electrochemically to 
a triradical trianion. Each of compounds 8–11 strongly absorbs 
visible light, but only the oxoborane formazanate complex 10 is 
photoluminescent with a ΦPL of 36%. TDDFT calculations show 
that, unlike complexes 8 and 9, the oxoborane 10 does not 
experience a large change in molecular geometry upon 
photoexcitation, which explains its relatively small Stokes shift 
and turn on photoluminescence behaviour.  
These findings open up opportunities to exploit the structural 
rigidity imposed on formazanate complexes by B=O bonds to 
design photoluminescent materials. The proposed approach can 
in principle be expanded by altering the identity of the main-
group element (E) bonded to boron or the ligand framework. In a 
broader sense, exploration of photoluminescent compounds with 
B=E and B≡E bonds would strengthen the link between current 
trends in main-group chemistry and optoelectronic materials 
design and may lead to the creation of a wide range of 
unprecedented molecular materials. 
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Conversion of non-emissive BX2 (X = F or Cl) formazanate adducts to the 
corresponding oxoborane (B=O) complex turns on bright photoluminescence. 
Density-functional theory calculations suggest that this occurs because the B=O 
complex undergoes a much smaller geometric relaxation upon photoexcitation than 
do the BX2 adducts. 
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